This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long as you credit the authors, but you can't change the article in any way or use it commercially. More information and the full terms of the licence here: https://creativecommons.org/licenses/ Takedown If you consider content in White Rose Research Online to be in breach of UK law, please notify us by emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. Abstract: Producing hydrogen from catalytic gasification of biomass represents an interesting process to facilitate the development of hydrogen economy. However, the design of catalyst is a key challenge for this technology. In this work, cost-effective Ca added Ni-based catalysts were developed and studied for producing hydrogen with a fixed-bed reactor. The relationship between Ca addition and the performance of catalyst in terms of the yield of hydrogen and catalyst deactivation (metal sintering and coke formation) was studied. The results showed that hydrogen production was largely enhanced when Ca was added, as the yield of hydrogen was (0.1Ca catalyst) to 80g Ni -1 (0.8Ca catalyst) when the Ca addition was increased from 10 mol.% to 80 mol.%. TPO-FTIR analysis of the experimented catalysts showed that 0.5 Ca catalyst had the highest amount of coke formation, in particular, most of the deposited carbons were amorphous which could deactivate the catalyst seriously. It is therefore concluded that the addition of cost-effective Ca could enhance the yield of hydrogen from biomass gasification. However, the concentration of Ca in the catalyst needs to be controlled to mitigate the generation of coke on the used catalyst.
Introduction
Hydrogen represents a promising energy carrier that can be widely used for power generation and chemical production [1] . It can be produced from a verity of sources. Among them, biomass is considered to be an approximately carbon neutral resource and a promising raw material to generate hydrogen through gasification process. However, compared to the processing of fossil fuels, gasification of biomass still suffers from lower hydrogen production. Therefore, catalysts are commonly utilized to improve the yield of hydrogen from biomass. Even though noble metal catalysts including Pt and Rh etc. are efficient to improving the hydrogen production, the expensive cost limits the practical applications [2, 3] . Transition metals especially nickel catalysts have attracted much attention for producing hydrogen from biomass gasification due to the relative low cost of metals and high redox activity [4] [5] [6] . However, sintering and coke deposition can cause catalyst deactivation; this is a significant problem for practical catalyst applications [7, 8] . Therefore, several strategies such as controlling support properties [9] [10] [11] and using bimetallic metals [12] [13] [14] have been developed to reduce metal sintering and improve the performance of nickel catalysts.
The addition of basic alkali earth metals into Ni-based catalysts attracted intensive attention in inhibiting coke deposition and improving the catalytic activity due to the promotion of carbon oxidation. The addition of CaO to Ni-based catalyst has been identified as an effective approach to improve methane conversion and catalyst stability in methane reforming process [15] [16] [17] .
Hou et al. [18] studied the effect of Ca on a supported nickel catalyst for methane dry reforming.
The results indicated that the presence of Ca increased the conversion of methane and the stability of the Ni/ -Al2O3 due to Ca could improve Ni dispersion, strengthening the interaction between support and Ni particles. In addition, Kariny et al. [19] modified Ni/Al2O3 catalysts using CaO (0-5 wt %) to enhance ethanol conversion for hydrogen production. The 5Ni-5Ca/Al catalyst exhibited the lowest coke deposition (0.01molg -1 ) for the reforming reaction and no deactivation was found after 24 h in the stability test. They proposed that the introduction of CaO into the Ni/Al2O3 catalyst led to structure changes, leading to a stronger integration between metal and support. Therefore, a lower activation temperature was required for ethanol reforming reactions. Catherine et al. [20] also studied Ca-containing Ni/Al2O3 catalyst with different Ca contents. It was reported that Ca addition could increase Ni particle size from 6.0 nm to 9.0 nm, which resulted in the formation of encapsulating carbons. In addition, the 10Ni/3Ca-Al2O3 demonstrated excellent catalytic performance and superior stability for at least 3 24 h due to effective coke removal. Ca loading was reported to significantly reduce coke formation on the reacted catalyst, because the particle size of Ni, the valence band of catalyst and the rate of steam coke reaction were influenced by the loading of Ca. Moreover, Sengupta et al. [11] modified catalyst support with CaO and MgO to improve the catalytic activity of Al2O3 supported with Ni and Ni-Co for methane dry reforming. The authors reported that the presence of CaO had a favorable effect on methane conversion, which was attributed to the interaction between CaO and Ni species. However, MgO had an adverse effect on the conversion of methane as ascribed to a strong interaction between MgO and Ni and Co phases was formed.
It was also reported that CaO acting as CO2 absorbent could promote water-gas shift reaction to increase the production of hydrogen from gasification [21, 22] . In addition, high CO2 adsorption capacity can accelerate the activation of CO2 and decrease carbon deposition on the reacted catalyst [16, 23, 24] . Therefore, it seems that the addition of Ca into Ni-catalyst system is promising to increase the yield of hydrogen and to reduce the deposition of coke on reacted catalyst. However, there is no systematic investigation about the addition of Ca on producing hydrogen from biomass gasification. In this study, cost-effective Ca was added to Ni-catalysts for improving hydrogen production using a fixed-bed two-stage reactor. The relationship between Ca addition and the catalytic activities for producing hydrogen and the coke formation and metal sintering on the reacted catalysts was studied.
Experimental

Raw biomass sample and catalyst materials
Wood sawdust (less than 0.2 mm particle size) was selected as raw feedstock for this work. The biomass sample has 5.7 wt.% moisture, 18.3 wt.% fixed carbon, 74.8 wt.% volatile, and 1.2 wt.% ash. In addition, the sample has 47.1 wt.% C, 5.9 wt.% H, 46.9 wt.% O and 0.1 wt.% N.
Ca-Ni-Mg-Al (1:2:2:1 mole ratio), Ni-Mg-Al (2:2:1 mole ratio), Ni-Ca-Al (2:1:1 mole ratio), Ni-Mg-Al (1:1:1) catalysts with four Ca loadings (0.1%, 0.3 %, 0.5%, 0.8 mole%) were obtained using a co-precipitation method. Initially, the required amounts of Ca(NO3)2 4H2O, Ni(NO3)3 6H2O, Mg(NO3)2 6H2O and Al(NO3)3 9H2O were first dissolved in water, and then Na2CO3 solution was added into the precursor solution under continuous stirring with the pH of 8.0. The precursors were washed with water, then were dried at 80°C overnight. The obtained products were calcined in a muffle furnace at 800°C for 4 h in the presence of static air.
Biomass gasification experiment
Biomass gasification was tested using the prepared Ca added Ni-catalysts using a fixed bed reactor which consisted of two stages. The raw sample was initially decomposed at the first stage. The produced vapors were catalytic reformed/cracked at the second stage. A schematic diagram of the reaction system is shown in a previous work [25] . For the experiment, 1.0 sawdust and around 0.5 g catalyst were used in the first stage and the second reactor, respectively. Prior to the heating of the reactors, N2 was introduced into the reactor with a flow rate of 80 ml min -1 . The second stage where the catalyst was placed was heated to 800 °C, then the first stage where the wood sawdust was placed was heated to 550 °C at a 40 °C min -1 .
Steam was formed by injecting water into the second stage. The water injection rate was 4.74 g h -1 . The outlet of the second stage was connected to a condensation system which was cooled by air and dry-ice, respectively. The gas sample was collected by a gas bag for further analysis.
For each experiment, a total reaction time around 40 min was used. Good mass balance of the experiment was obtained to have a good accuracy of experimental data.
Gas analysis and characterizations of catalysts
A gas chromatography (GC) was applied to determine the concentrations of the produced gases.
CO2 gas concentration was analyzed using a Varian 3380 GC where a Hysep 80-100 mesh column and argon carrier gas were used. Another Varian 3380 GC was used to determine CO, H2, and N2 gases when argon was used as carrier gas; the GC had a 60-80 mesh molecular sieve column. C1-C4 based gases were analyzed by another Varian 3380 GC with a flame ionization detector while N2 is working as carrier gas.
Textural properties of the fresh catalysts were analyzed by N2 adsorption and desorption (Quantachrome Autosorb). Before surface analysis, catalyst sample was degassed at 423K under vacuum for 12 hours.
The crystal phases of the prepared catalysts were obtained using X-ray diffraction (XRD) (SIEMENS D6000) with a scanning range of 1.5-70° using CuK radiation with a 0.1542 nm wavelength. The morphologies of the fresh and reacted catalyst were obtained by using a scanning electron microscope (SEM) (LEO 1530). In addition, high-resolution images of the catalysts were obtained by using a transmission electron microscopy (TEM) (Philips CM200).
TPO (Temperature-programmed oxidation) was carried out to investigate the information of coke deposited on the surface of the reacted catalysts using a Stanton-Redcroft thermogravimetric analyser (TGA). The produced gases from TPO analysis was analyzed with a Fourier transform infrared spectrometer (FTIR) (Nicolet Magna IR-560) to obtain the yield of CO2 produced from the oxidation of coke. A Nicolet Magna IR-560 thermogravimetric analyzer connected with a ThermoStar GSD301 mass spectrometer was used to test the reducibility of the fresh catalyst. During the TPR analysis, the sample was initially heated to 500 ˚C at a heating rate of 20 ˚C min -1 with N2 carrier gas (500 ml min -1 ). The sample was then cooled to room temperature before the introduction of H2. Then TPR was carried out between room temperature and 1000 °C . The heating rate was 10 °C min -1 . , and the particle size was increased from 19.85 to 27.52 nm, as shown in Table   1 .
Results and discussions
XRD results of the prepared catalysts
The strong peaks at 38º, 43ºand 64º ( Figure 1 and Figure 2 ) were suggested to be the reduction of NiO (101), NiO (012) and NiO (110), respectively. From Figure 1 , only the Ca-Ni-Al (1:2:1) sample exhibited two diffraction peaks at 19º and 35º, indicating the presence of NiAl2O4 [26, 27] . In addition, CaO phase was observed except for the Ni-Mg-Al (2 
SEM and TPR results of the prepared catalysts
The morphology of the prepared catalysts was studied by SEM analysis. From Figure 3 , the metal distribution is uniform for all the catalysts. However, there was no obvious morphological difference between the fresh catalysts with different Ca loadings. Figure 4 shows the changes of weight of the prepared catalysts obtained from TPR. The reduction at about 390 °C was suggested to the reduction of bulk NiO presented in the catalyst [31, 32] . The second reduction peak at around 600 °C is suggested to the presence of small NiO particles [18, 33] . The third reduction peak was suggested to be due to the reduction of NiAl2O4 [34, 35] . The molar fraction of the mentioned Ni-based phases are calculated based on TPR analysis as shown in Table 2 .
The 0.1Ca catalyst showed the highest fraction of NiAl2O4 phase and the lowest fraction of NiO particles. The 0.8Ca catalyst demonstrated the highest percentage of bulk NiO. It is indicated that the ratio of bulk NiO phase was increased when Ca content was increased. The 0.5Ca catalyst showed the highest fraction of small NiO particles.
Mass balance of experimental studies
The mass balance of pyrolysis/gasification of biomass is shown in Table 3 and Table 4 . The mass balance of each experiment was obtained by the total weight of the outputs of the experiment (including gas, liquid in condensers, and char residue) divided by the initial inputs Furthermore, the concentration of CH4 was significantly reduced from 24.6 to 8.1vol.% by adding Ca to the Ni-Mg-Al catalyst. It seems that introducing Ca promoted methane reforming reaction [36] .
Compared to the Ni-Mg-Al catalyst, the surface area of Ca-added Ni-based catalyst was decreased as shown in Table 1 . Thus, it is difficult to identify a relationship between textile properties of the catalysts and hydrogen production. It is suggested that Ca-based compound formed in the Ca-Ni-Mg-Al catalyst was responsible for the improved catalytic activity of hydrogen production. It has been reported that the addition of CaO in catalyst system might increase the production of hydrogen by promoting water gas shift reaction as CO2 was in-situ reacted [37, 38] .
The Ni-Mg-Al catalyst with different Ca loadings (10, 30, 50, 80 mol. %), noted as 0.1Ca, 0.3Ca, 0.5Ca and 0.8Ca respectively, was also investigated for biomass gasification. Liquid yield was calculated by the weight of condensed liquid containing tars and un-reacted water divided by the weight of wood sawdust. Due to the amount of injected water could be slight different, the liquid yield was not reliable for interpreting the catalytic activity for biomass gasification. Therefore, gas and hydrogen yield and gas concentration were used to discuss catalytic activities of the developed catalyst. From Table 4 , the highest gas yield was observed (74.4 wt. %) for the 0.5Ca catalyst. It is suggested that the highest fraction of small NiO particles, which makes up 54.9% of different Ni based materials (Table 2 ). It is indicated that the lowest gas yield was produced from the 0.1Ca catalyst.
From Table 4 , the gas concentration and hydrogen yield in relation to biomass weight was changed slightly by increasing calcium content in the catalyst. It is suggested that by adding more Ca in the catalyst, the actual available active Ni metals were reduced, as the total amount of the catalyst was the same for each experiment. Therefore, a hydrogen yield associated with nickel mole percentage was calculated and shown in Figure 5 . The hydrogen yield obtained in when the catalyst changed from the 0.1Ca to the 0.8Ca. It is suggested that CaO played two significant roles during the gasification of biomass. Firstly, it adsorbed carbon dioxide from the generated syngas to increase hydrogen yield by thermodynamically favoring water gas shift reaction. Secondly, CaO might catalytic promote steam reforming of hydrocarbon to form H2-rich syngas [18, 19, 39, 40] . In addition, the 0.1Ca catalyst produced much lower hydrogen yield (Table 4 ) compared with the other Ca-added catalysts. This might be due to the presence of much lower content of small NiO particles in the 0.1Ca catalyst, as shown in Table 2 .
In terms of the surface area of the catalyst, as shown in Table 1 , the 0.8Ca catalyst has the lowest surface area, which is only 98.8 m 2 g -1
. However, it showed the highest hydrogen production per unit of Ni. It is therefore indicated that the reactions of biomass catalytic pyrolysis/gasification were dominated by catalytic metal sites of the catalyst, while the diffusion of reactants and products were not key parameters for hydrogen production in this work.
Characterizations of the reacted catalysts
TPO and XRD analysis
TPO results about the reacted catalyst were presented in Figure 6 and Figure 7 . The oxidation peak at around 420 °C was ascribed to amorphous carbons and the TPO peak at around 600 °C was suggested to be filamentous carbon [41] . The peak of mass increase at around 400 °C was associated with the oxidation of Ni produced by the reduction of NiO in the pyrolysisgasification process [36, 41] . The catalyst without Ca loading exhibited a much lower peak intensity at 400 °C as shown in Figure 6 . It is indicated that the content of reducible NiO particles in the Ni-Mg-Al catalyst was very low. It is also suggested that the addition of Ca into Ni-Mg-Al catalyst could significantly enhance the reducibility of the catalyst, thus improving hydrogen production. This is proved from the results in Table 3 , where hydrogen yield was increased with the addition of Ca.
Due to the large intensity of Ni oxidation for the reacted Ca-added Ni-Mg-Al catalysts in the TPO analysis, an overlap between the weight increase (Ni oxidation) and the weight loss (carbon oxidation) might be existed. Therefore, TPO-FTIR had been conducted to obtain clear information about the oxidation of carbon formed on the reacted catalysts.
As shown in Figure 8 , with the increase of calcium loading from 0.1Ca to 0.5Ca, the amount of oxidized carbons was increased. In addition, a big oxidation peak was observed at around 400 °C indicating that more amorphous carbons was generated with the 0.5Ca catalyst. This phenomenon is attributed to that the 0.5Ca catalyst contained the largest amount of small NiO particles (54.9%) as shown in Table 2 . Small NiO particles are reactive for carbon formation in thermal cracking reactions, which is consistent with the highest gas yield obtained by the 0.5Ca catalyst (Table 4 ). In addition, the 0.5Ca catalyst also generated the largest amount of filamentous carbon, corresponding to the highest oxidation near 650 °C in the TPO analysis ( Figure 7 ) [42, 43] . Therefore, although the addition of Ca can increase hydrogen production from biomass gasification, the deactivation of catalyst as ascribed to the formation of coke on the surface still needs to be further investigated.
However, with the further increase of calcium loading to 0.8Ca, the intensity of carbon oxidation is decreased due to the presence of NiAl2O4, which performed a positive effect on decreasing the coke deposition on the surface of reacted catalyst [44, 45] .
SEM and TEM analysis
The surface morphology of the experimented catalysts obtained by SEM analysis is shown in Figure 9 . It can be seen that some filamentous carbons were generated on the experimented catalysts. Furthermore, compared to the reacted Ni-Ca-Mg-Al catalyst, an obvious formation of filamentous carbon generated by the reacted Ni-Ca-Al and Ni-Mg-Al catalysts. In addition, the reacted 0.5Ca catalyst shows the most obvious coke deposition, which is consistent with the data obtained the TPO analysis (Figure 3.8 ).
Selected TEM results of the reacted 0.1Ca, 0.5Ca and 0.8Ca catalysts were demonstrated in Figure 9 . Ni particles were observed for all the reacted catalysts. It is difficult to observe filamentous carbons since the amount of carbon formed on the surface of the reacted catalyst was very small. As shown in Figure 10 , the particle size for the reacted 0.8Ca catalyst is around 35 nm, which is similar to the fresh 0.8 catalyst (28nm in Table 1 ).
Conclusions
In this work, cost-effective Ca added Ni-based catalysts were developed and studied for producing hydrogen from steam biomass gasification using a fixed-bed reactor. The relationship between Ca addition and the performance of catalyst in relation to the yield of hydrogen and metal sintering and coke formation on reacted catalyst was studied. The results
showed that incorporating Ca into the Ni-Mg-Al catalyst was effective for enhancing hydrogen production sequentially reducing the cost of catalyst. For example, the yield of hydrogen was increased from 10.4 to 18.2 mmol g -1 sample, when Ca was introduced in to the Ni-Mg-Al catalyst. This is attributed to enhanced adsorption of CO2 using CaO and thus promoted the water gas shift reaction in the gasification process. TPO-FTIR analysis of the experimented catalysts showed that the 0.5 Ca catalyst had the highest amount of coke formation, in particular, most of the deposited carbons were amorphous which could deactivate the catalyst seriously.
It is therefore concluded that the addition of cost-effective Ca could enhance the yield of hydrogen from biomass. However, the concentration of Ca in the catalyst needs to be controlled to mitigate the formation of coke on the used catalyst. 
